The secondary cell wall development of cotton fibers harvested at 18, 20, 24, 28, 32, 36 and 40 days after flowering was examined using attenuated total reflection Fourier transform-infrared (ATR FT-IR) spectroscopy. Spectra of deuterated cotton fibers did not demonstrate significant changes in their O-H stretching band shapes or positions during development. Only a progressive increase in O-H band intensity was observed. Results indicate that the highly crystalline cellulose component produced during secondary cell wall formation maintains the hydrogen bonding network observed for the primary cell wall. Other general changes were observed for the regular ATR spectra. A progressive intensity increase for bands assigned to cellulose Iβ was observed during fiber development, including a marked intensity increase for vibrations at 1002 and 985 cm undergo a modest intensity increase during secondary cell wall development.
Introduction
Cotton fibers are exceedingly long cells that grow from the epidermal cells of the cotton seed [1] . When fully mature, these linear appendages are mostly composed of cellulose, but they also contain small amounts of cellular proteins, pectic materials, waxes, sugars, organic acids and trace amounts of other chemical compounds [2, 3] . Due to their length, ease of growth, and relative structural and biological simplicity, cotton fibers are particularly suitable for examining changes that occur during plant cell wall development.
The cotton fiber undergoes four stages of development: initiation, elongation, secondary cell wall (SCW) biosynthesis, and maturation [1, 4, 5] . During fiber initiation, which begins prior to the day of anthesis (DOA), a portion of ovule epidermal cells differentiate into fiber cells [1] . Cell elongation quickly follows and allows for the formation of an elongated primary cell wall and a waxy surface cuticle. Cotton fibers reach their final lengths around 21-35 days post-anthesis (DPA), depending on the genetic line and growing conditions [1, 4] . During secondary cell wall production, additional cellulose is deposited in layers along the inner limits of the primary cell wall, significantly increasing the fiber wall thickness until the SCW is 2-6 μm, usually between 30 and 45 DPA. Since the mature cotton is composed of >95% cellulose, proper cellulose deposition in this stage is vital for obtaining cotton fiber with commercially desirable properties like low micronaire and high fiber strength. When mature, the boll of cotton opens and the fibers becomes exposed to ambient conditions and quickly dry.
Molecular biology and gravimetric tools have been extensively employed in the examination of cellulose cell wall development in cotton and other plant cells [5, 6] . However, gravimetric methods that examine changes in fiber composition (i.e., pectin, cellulose and lignin content) can consume significant amounts of sample, which complicates their use in fiber development studies [7, 8] . More recent efforts have used Fourier transform-infrared (FT-IR) techniques to explore cell walls and their development in cotton fibers. FT-IR techniques are rapid, reproducible and need not consume fiber samples. Abidi and coworker utilized attenuated total reflection (ATR) FT-IR spectroscopy in tandem with thermo gravimetric analysis (TGA) to describe vibrational changes in the spectra of cotton fibers harvested at different DPA [9, 10] . The disappearance of vibrations arising from non-cellulosic components allowed them to observe the transition from primary to secondary wall development. Changes in the vibrational spectra of maturing cotton fibers can also be used to predict commercially relevant cotton quality measurements. Liu and his coworkers used the difference in the C-O stretches of immature and mature fibers to develop a rapid method for estimating cotton fiber maturity [11] . While Abidi and his coworkers used Partial Least Square regressions to estimate cotton fiber micronaire and fiber surface area [12] .
Previous reports have described changes in IR spectra of cotton fibers harvested at different days after flower blooming [9, 10, 13] . Given that moisture is well known to affect cotton fiber properties, we were interested in gaining a better understanding of reported changes of IR bands that can serve as markers of moisture interaction, like the fiber O-H stretching and absorbed water bands. Towards this end, experiments with D2O-exchanged cotton fibers were performed, since deuteration decreases the contributions of readily accessible O-H groups [14] . Notably, recent cell wall development studies have not included exchange studies [9, 10] . The vibrational spectra of cotton fibers harvested between 18 and 40 DPA were examined, a time period during which formation of the secondary cell wall occurs [1, 15] . Changes in the regular and D2O-exchanged spectra are highlighted. Band assignments reflect reports of highly crystalline cellulose Iβ [16] , the predominant component of cellulose in higher plants.
Experimental Section

Plant Material and Field Collection
The examined germplasm line, MD 90ne, was grown in 2009 under standard field conditions in New Orleans, LA. The development and release of the germplasm line MD 90ne, including fiber quality data and fiber developmental studies, were previously described [15, 17, 18] . Cotton samples at different developmental stages were obtained by first tagging cotton flowers on DOA, and then harvesting fibers at 18, 20, 24, 28, 32, 36 and 40 days post-anthesis (DPA). These time periods were chosen since they coincide with secondary cell wall development [1, 15] . Beginning with the 20 DPA time points, samples were harvested every 4 days in order to maximize the collected sample sizes. Three biological replications were obtained at each developmental point. Fibers were separated from the cotton seed by hand and allowed to dry at room temperature. Prior to fiber tests, fiber samples were allowed to equilibrate in a conditioning room set at 70 ± 2 °F and 65% ± 2% relative humidity (RH) for at least 24 h.
FT-IR Analysis
Cotton fibers from each developmental stage were examined with FT-IR spectroscopy. All spectra were collected on a Vertex 70 (Bruker Optics, Billerica, MA, USA) equipped with a mid-IR ceramic source, a KBR beam splitter, a deuterated triglycine sulfate detector, and an ATR sampling accessory (Pike Technologies, Madison, WI, USA) with a diamond-ZnSe reflective crystal. Prior to measurements, sample and instrument compartments in the Vertex 70 were flushed with a stream of high-purity N2 (~30 min) to reduce water vapor and CO2 features in the collected spectra. A positive pressure of N2 was maintained during measurements. Cotton samples (~200 mg) were combed, placed on top of the ATR crystal and secured with a metal clamp in a manner that assured consistent pressure for all samples. Three measurements at three different sample locations were performed for each cotton sample. A total of 256 scans were measured for each sample point with a resolution of 4 cm ), and the resulting spectra were corrected against an air background. Spectral manipulation was kept to a minimum. Spectra for each sample were averaged, baseline-corrected and normalized using the OPUS spectroscopy software (version 6.5; Bruker Optics, Billerica, MA, USA). Spectra are presented without ATR correction or atmospheric compensation. Resulting spectra were exported to Microsoft Excel and plotted with IGOR Pro (version 6.2; Wavemetrics, Lake Oswego, OR, USA). Spectra are shown without an absorbance scale and most are shifted along the intensity axis. First derivative spectra were obtained using standard algorithms included in the OPUS software.
Cotton Fiber Deuteration
Sub-samples from fibers harvested at 18, 24 and 40 DPA were allowed to exchange in a globe box maintained at 30% Relative Humidity (RH) for at least 24 h. Fibers were then placed in a small beaker which was in turn placed inside a mason jar. The bottom of the mason jar was filled with deuterated water (Acros Organics, Geel, Belgium), and the mason jar closed so as to allow deuterated water vapors to exchange with the sample. After exchanging for 24 h, fibers were essentially wet. Excess water was removed with a gentle nitrogen stream, and the exchange with deuterated water was repeated 2 more times. FT-IR analysis was performed as described above, but added means were taken to reduce fiber exposure to atmospheric moisture prior to data collection.
X-Ray Powder Diffraction
X-ray diffraction data was collected on a Philips X-pert PW 3040 MPD X-ray powder diffractometer (Phillips Electronics, Amsterdam, the Netherlands) with Cu Kα radiation. Prior to analysis cotton samples were processed through a Wiley mill using a 20 mesh screen, and pressed into a pellet. Crystallite size was calculated using the Scherrer equation [19] τ = K·λ/β·cosθ (1) where τ signifies crystallite dimensions; K is the Scherrer constant; β is the width (in 2-θ) at half height of the peak, expressed in radians; λ is the wavelength of the X-ray source and θ is half of the 2-θ value for the position of the peak.
Results and Discussion
ATR FT-IR Spectroscopy of the O-H Stretching Region
Vibrational spectra of MD 90ne fibers exhibit observable band changes at different developmental days. Figure 1 shows FTIR spectra of MD 90ne at 18, 20, 24, 28, 32, 36 and 40 DPA. The full mid-IR spectra, 3800-700 cm are not easily observed, the relative intensity of the broad band near 3284 cm for the more developed fibers. Changes in the O-H band can signal strengthening of the corresponding hydrogen bonds, with stronger bonds shifting the corresponding O-H bands to lower energy. However, given the lack of resolution of these O-H bands, it remained unclear if the observed changes arose from variations in surface O-H groups or a more intrinsic change in the cellulose composition of the fibers.
Analysis of deuterated cotton fibers was performed to achieve a clearer picture of changes to the hydrogen bond network of cellulose fibers during cell wall development. Simple deuteration of the fibers can be used to decrease the contributions of readily accessible O-H groups [14] . These O-H groups are exchanged with O-D groups that exhibit vibrations at lower frequencies. The remaining O-H bands arise from the non-accessible cellulose chains and are typically better resolved, thus providing a clearer picture of the intra-and intermolecular hydrogen bonds occurring in the cellulose chains within the cotton fibers. The components of cellulose that are readily accessible to D2O exchange have been linked to the amorphous cellulose component. A second, less accessible component has also been observed and has been described as being part of semi-crystalline regions of cellulose [20, 21] , likely surface chains. The remaining crystalline cellulose does not exchange readily with deuterated water. After deuteration of the cotton fibers (MD 90ne at 18, 24 and 40 DPAs), broad, intense O-D bands appears centered on 2480 cm −1 for all three samples ( Figure S1 ). As expected, the O-H bands exhibited a significant decrease in band intensity and width (Figure 2b for the 18 DPA fiber). Band resolution is improved, especially for the central O-H band. As with the non-deuterated sample, the center peak, now at 3340 cm −1 , is more prominent than the two surrounding peaks. Interestingly, the O-H stretching bands of the deuterated samples do not shift as they develop from 24 to 40 DPA. Also, the intensity of the O-H bands uniformly increases with increasing fiber DPA. Thus, it appears that the hydrogen bonding network of non-accessible cellulose chains is maintained during SCW deposition of the examined stage (18-40 DPA). 
O-H Bending Region
Previous studies have generally described intense peaks in the spectral region between 1700 and 1580 cm −1 as indicative of water absorption in cotton fibers [22] . In our samples, a wide, mid-sized band is observed. At the first three developmental stages (18-24 DPA) peaks can be observed at 1630 and 1641 cm −1 (shoulder; Figure 3a ). Beginning at 28 DPA a shift to lower wavenumbers (i.e., lower energy), now centered at 1619 cm −1 , and a significant broadening of the peaks is observed. Similar transitions have been previously observed [9] , but the point of transition appears to be dependent on the genetic identity of the cotton fibers as well as growing conditions. To better understand the observed transitions, first derivative plots of the O-H bending region were calculated. First derivative plots of this spectral region resolve our absorption data ( Figure S2) ; an inflection point at 1580 cm −1 is observed for the first three developmental stages, but not for higher DPA fibers. Band shifts to a lower wavenumber would be indicative of stronger interaction of the water molecules with the hydrogen bonding network in the cellulose polymer. Treatment with deuterated water reduces band intensity and produces a decrease in band width and a significant shift to lower wavenumbers; the center of the bending located at 1611 cm for the 24 and 40 DPA samples (Figure 3b) . We note that sample drying studies have to be performed to conclusive identify these peaks as water bands. XRD analysis reveals changes in the crystallite size of the cotton fibers during SCW development that might account for the water band changes observed (Figure 4) . Calculations with the Scherrer equation indicate an increase in the cellulose crystallite size during SCW development (Figure 4, inset) . We note impurities in the 20 and 28 DPA near 19° that are likely decreasing the calculated crystallite values for those two samples; however, the overall crystallite size increase for the developing fibers is still clearly seen. Since the crystallite size calculation represents an average number of the crystals in the fibers, the dimensions of the crystallites in the primary cell walls are not necessarily growing in size. Instead, this number likely results from the formations of larger crystals in the SCW. The relative decrease in crystallite surface area might account for the changes observed in absorbed water interaction. 
Fingerprint Region; C-H and O-H Bending
The collection of bands observed between 1500 and 1150 cm
undergoes little structural change as cotton fibers develop; only a gradual increase in band intensity is observed (Figure 5a ). In the aforementioned region, a total of 9 bands are clearly observed at 1451, 1426, 1365, 1335, 1314, 1280, 1247, 1203 and 1159 cm were previously reported for ramie and flax fibers and described as C-H bending modes [23] , while the 1203 and 1159 cm for the 40 DPA sample) [9, 16] . While the positions for some of these bands differ from the reported values, they are susceptible to shifts depending on cell wall development. For example, the prominent C-O band observed at 1052 cm as it grows to 20 and 24 DPA, respectively. In contrast, the band produced by a secondary C(6)H2-O(6)H vibration is observed at 1002 cm , was not given a band assignment by Marechal and Chanzy; however, in their study a small shoulder band is observed near 982 cm −1 [16] . They described several bands near this region (989 cm in samples at higher developmental points (28-40 DPA). This intensity trend was previously described and used to estimate the maturity ratio of cotton fibers [11] . Figure 6b shows FT-IR spectra of MD 90ne at 18 and 40 DPA that have been baseline-corrected, normalized, and are presented without a shift in the absorbance axis; the figure better displays the decreased intensity of the peaks 1002 and 985 cm 
Fingerprint Region; C-O Vibrations
Conclusions
Cotton cell wall development was examined with ATR FT-IR spectroscopy paying particular attention to changes in the hydrogen bonding network of cellulose. ATR FT-IR spectra of deuterated cotton fibers indicate little change in the band shape and positions for cellulose O-H stretching bands as the cotton fibers develops secondary wall. Only a progressive increase in O-H band intensity is observed. Thus, the deposition of highly crystalline cellulose during secondary cell wall formation does not significantly alter the hydrogen bond network of highly crystalline cellulose. A number of notable spectral changes were observed during development, which is in accordance with previous reports [9, 11] . Most notably, there is a marked intensity increase for the C-O vibrations at 1002 and 985 cm 
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